Abstract. The effect of combining Agrobacterium tumefaciens infection and biolistic bombardment on the transformation of strawberry (Fragaria × ananassa Duch.) cv. Chandler, was evaluated. Bombarding leaf explants with uncoated gold particles followed by Agrobacterium infection did not improve transformation, and yielded similar percentages of shoot regeneration in the presence of kanamycin in bombarded and non-bombarded explants (7.2%). In a novel approximation, gold particles were coated with Agrobacterium cells and used to bombard leaf explants. Helium pressures of 4.5, 6.2 and 7.6 MPa and target distances of 3 and 9 cm were tested. An average of 96.2% of the explants showed β-glucuronidase (GUS) expression 15 d after bombardment, in comparison with 26.6% in explants bombarded with gold particles coated with the plasmid pGUSINT or 58.3% in non-bombarded Agrobacteriuminfected explants. After 25 weeks of culture, the highest transformation frequency was obtained using a 6.2 MPa helium pressure and 3 cm target distance, yielding 69% kanamycin-resistant explants and a final transformation frequency of 20.7%. These values were 4.5 times higher for kanamycin-resistant explants (69% with biolistic vs 16% with Agrobacterium infection) and 2.9 times higher for transformation frequency (20.7 vs 7%,) compared with those obtained with standard Agrobacterium transformation procedures (Barceló et al. 1998, Plant Cell, Tiss. Org. Cult. 54, 29-36). More than 15 independent transgenic plants obtained by the Agrobacterium-coated particle system were acclimatized and confirmed as transgenics by GUS activity and PCR. Segregation analysis of kanamycin resistance has been performed in seven independent lines, three of which contained a single insertion of the T-DNA.
Introduction
Plant wound response is a key factor in the interaction between Agrobacterium and the host plant, and therefore in the efficiency of Agrobacterium-mediated gene transfer (Potrykus 1991) . Among the different strategies used to increase the Agrobacterium transformation frequency, several authors have found that wounding plant tissue before Agrobacterium infection, by means of microprojectile bombardment with uncoated particles, improves the transformation efficiency (Bidney et al. 1992; Knittel et al. 1994; Brasileiro et al. 1996) . A. tumefaciens and Escherichia coli cells have also been used as microprojectiles to deliver DNA into cell suspensions, although, in this case, the number of stable transformant colonies was low (Rasmussen et al. 1994) . Bidney et al. (1992) and Sanford et al. (1993) have also indicated the possibility of transformation using Agrobacterium cells as microprojectiles. However, no reports on the production of stable transformed plants using this strategy have been published so far. In the present work, we have investigated the effect of the combined use of Agrobacterium infection and microprojectile bombardment in the genetic transformation of strawberry (Fragaria × ananassa Duch).
Transformation strategies for this genus have been developed during the past 10 years. Although a direct gene transfer method has been reported (Nyman and Wallin 1992) , methods including the use of leaf disks or crown sections as explants for Agrobacterium-mediated transformation are generally employed (James et al. 1990; Nehra et al. 1990; Mathews et al. 1995; El Mansouri et al. 1996; Haymes and Davis 1998) . However, these systems are highly genotypedependent and the transformation frequencies obtained are mostly below 10%. We have recently developed a transformation protocol for the important strawberry cultivar Chandler, mainly cultivated in Mediterranean climates (Barceló et al. 1998 ). This procedure yields 4.2% of transformed plants. Although this low percentage allows application of biotechnological breeding strategies, any significant increase in transformation efficiency will further facilitate this goal. Additionally, improvement of the transformation procedure could also allow the application of other transformation-based techniques, such as T-DNA insertional mutagenesis and promoter trapping (Topping and Lindsey 1995) .
The main contribution of the present work is to demonstrate that Agrobacterium bombardment is a suitable way of increasing stable transformation efficiencies, at least in the genus Fragaria.
Materials and methods

Plant material and culture conditions
The explants used for transformation were leaf squares, ca 4 × 4 mm in size, obtained from in vitro-micropropagated shoots of Fragaria × ananassa Duch. cv. Chandler. Shoots were maintained in the medium of López-Aranda et al. (1994) supplemented with 2.21 µM kinetin as the only growth regulator. Subculturing was performed at 6-8-week intervals. Unless otherwise specified, young shoots with less than four subcultures were used as the source of explants. Regeneration and proliferation media were those found to be optimal by Barceló et al. (1998) . Cultures were initially incubated for 2 weeks in the dark, then transferred to a 16-h photoperiod under 40 µmol m -2 s -1 photosynthetically active radiation (PAR) provided by Gro-lux lamps (Sylvania, Erlangen, Germany) at 25°C.
Agrobacterium strain
The A. tumefaciens strain employed was LBA4404 containing the pAL4404 plasmid and the binary vector pGUSINT, kindly provided by Dr L. Willmitzer (Vancanneyt et al. 1990 ). pGUSINT, a Bin 19 derivative plasmid, contains the neomycin phosphotransferase (nptII) gene for kanamycin resistance under the control of the nopaline synthase (nos) promoter, and the reporter gene uidA interrupted by a modified intron, under the control of the cauliflower mosaic virus (CaMV35S) promoter. The presence of the intron in the CaMV35S/uidA chimeric gene ensures that GUS activity is not due to Agrobacterium contamination. Bacteria were grown at 28°C in Luria Broth base medium (LB) containing 50 mg L -1 each of kanamycin and streptomycin. An aliquot of an overnight culture was used to inoculate 5 mL of LB medium at pH 5.4, supplemented with 50 µM acetosyringone to induce Vir genes.
Agrobacterium transformation and particle bombardment parameters
The Agrobacterium-mediated transformation protocol was as previously described (Barceló et al. 1998 ) with slight modifications. Briefly, leaf disks were precultured for 8 d in petri dishes containing 25 mL of shoot regeneration medium. After this period, explants were placed in 50-mL tubes, inoculated with an Agrobacterium culture diluted 1/10 and gently shaken for 20 min. The infected explants were blotted dry on sterile filter paper and cultured for 2 d on the shoot regeneration medium. Explants were then washed with sterile water, blotted dry and transferred to a selection medium containing 25 mg L -1 kanamycin and 250 mg L -1 cefotaxime. Shoots regenerated after 16-20 weeks of culture were multiplied in a modified medium of López-Aranda et al. (1994) and rooted in Murashige and Skoog basal medium [MS, Murashige and Skoog (1962) ], both containing 25 mg L -1 kanamycin. Particle bombardment was performed with the PDS-1000/He system from Bio-Rad (Hercules, CA, USA). Gold particles (1.6-µm diameter) at a concentration of 60 mg mL -1 were sterilized by immersion in ethanol according to Sanford et al. (1993) . In all experiments, the vacuum pressure was 680 mm Hg, the gap distance from the rupture disc to the macrocarrier was 0.6 cm, and the macrocarrier flight distance was 1.1 cm. Target distance and helium pressure varied among experiments, and are indicated in each case. Each petri dish, containing 20 leaf explants positioned in a 5 × 5-cm square in the middle of the dish with the abaxial side up, was bombarded once, delivering approximately 360 µg of gold particles per bombardment. In all experiments, leaf explants were bombarded after 8 d preculture on the regeneration medium.
Wounding with uncoated microprojectiles
The effect of bombardment with gold particles on leaf explant regeneration was also evaluated. For transformation assays, leaf disks were bombarded with uncoated gold particles using 6.2 MPa rupture disks and target distance of 3 and 9 cm. Immediately after bombardment, leaf explants were inoculated with an Agrobacterium-diluted culture as previously described. Three replicates per set of bombardment conditions were performed, and the transformation rates obtained after 20 weeks of culture were scored and compared with a control treatment transformed with the standard protocol (without bombardment).
Transformation of strawberry leaf explants using Agrobacterium cells as microprojectile coats
Bacterial microprojectile preparation was based on the method described by Rasmussen et al. (1994) with some modifications. An overnight culture of Agrobacterium growing in LB medium at pH 5.4, supplemented with 50 mg L -1 of streptomycin, 50 mg L -1 kanamycin and 50 µM acetosyringone, was centrifuged at 2300 g and diluted in sterile water to an OD 600nm = 10. Aliquots of 100 µL of this culture were placed in microcentrifuge tubes, centrifuged for 1 min at 2300 g and washed with 1 mL of TE buffer (10 mM Tris, pH 8, 1 mM EDTA; Sambrook et al. 1989) . Cells were centrifuged and resuspended in 50 µL of TE buffer by vortexing. An aliquot of 25 µL of gold particles at a concentration of 60 mg mL -1 was centrifuged 1 min at 15 000 g, resuspended in 40 µL of the bacterial suspension and vortexed for 15 s. Explants were bombarded using 6 µL of this mixture. After bombardment, explants were placed with the adaxial side up on shoot regeneration medium and cocultivated for 2 d. Explants were then washed in sterile water, blotted dry on sterile filter paper and transferred to a selection medium containing 25 mg L -1 kanamycin and 250 mg L -1 cefotaxime. Two parameters, helium pressure (4.5, 6.2 and 7.6 MPa) and target distance (3 and 9 cm), were varied in this experiment. In addition, two control treatments were included; non-infected leaf explants bombarded with gold particles coated with the plasmid pGUSINT, and leaf explants infected with bacteria following the standard A. tumefaciens protocol. The transformation efficiency of the different treatments was evaluated after 5 and 15 d of bombardment by the histochemical GUS assay (Jefferson 1987) , recording the percentage of explants with blue spots, the number of blue spots per explant and the stained surface. Final transformation rates were obtained by recording the percentage of explants showing shoot regeneration after 25 weeks of culture. Three replicates per set of bombardment conditions were employed, and the experiment was repeated using shoots from a stock with eight subcultures as the source of explants.
Transgenic plant analysis
The transgenic nature of the kanamycin-resistant plants was confirmed by polymerase chain reaction (PCR) analysis. DNA was extracted from leaves of putative transgenic plants as previously described (Mercado et al. 1999 ) and 200-500 ng of DNA was used to amplify the nptII gene according to Lipp-Joao and Brown (1993) . To determine whether only the T-DNA was transferred to the transgenic plants, a fragment of the trfA locus, located in the pGUSINT plasmid outside the T-DNA (Frisch et al. 1995) , was amplified. In parallel, PCR amplification of the VirD1 gene from the Ti plasmid was evaluated in the same DNA samples to discard the possibility of Agrobacterium contamination (Lipp-Joao and Brown 1993).
As initial proof of stable integration and expression of the T-DNA, leaves from shoots of the different transgenic clones proliferating in vitro in 25 mg L -1 kanamycin were used as explants to regenerate new shoots in the presence of 25 mg L -1 kanamycin. Shoot regeneration ability and callus growth in the presence of the antibiotic was recorded after 16 weeks of culture, and compared with leaf explants from nontransformed shoots. GUS activity in these clones was measured by the fluorogenic GUS assay (Jefferson 1987) . Selected kanamycin-positive plants were acclimatized, transferred to the greenhouse and grown until fruiting under natural photo-period. The stable integration and inheritance of T-DNA from several lines was tested by segregation analysis of the kanamycin resistance trait in the progeny of the T 0 transgenic plants.
Statistical analysis
In all cases, transformation efficiency rates were recorded at the end of each experiment as the percentage of explants showing shoot regeneration from the initial number of explants. All data are mean ± s.d., except in Table 1 where data are mean ± s.e. Mean separation was performed by least significant difference (LSD) or log-linear model (Sokal and Rohlf 1995 ), both at the 5% level.
Results
Effect of wounding with uncoated particles on transformation rates
Preliminary experiments using the biolistic parameters described in this work showed no effects of particle bombardment on shoot regeneration. Bombarded explants displayed shoot regeneration rates similar to those found for non-bombarded explants (data not shown). Thus, we attempted to transform biolistic-wounded explants by cocultivation with Agrobacterium (Fig. 1) . When a target distance of 9 cm was used, the combination of both methods yielded a percentage of kanamycin-resistant explants similar to that obtained with the standard transformation protocol, not including bombardment. The transformation rate based on shoot regeneration was also similar in control and bombarded explants, and close to the previously reported value for this cultivar, at 4.2% (Barceló et al. 1998) . However, the percentage of surviving explants decreased considerably when a target distance of 3 cm was used, and none of these explants developed kanamycin-resistant shoots.
Transformation with bacterial-coated microprojectiles
In this experiment, gold particles were coated with Agrobacterium cells and used to bombard leaf explants. Combinations of three helium pressures (4.5, 6.2 and 7.6 MPa) and two target distances (3 and 9 cm) were tested. Five d after bombardment, all treatments showed GUSpositive staining, the percentage of explants with GUSstained spots being similar in all treatments, ranging from 80 to 100%, with a mean value of 90.7 ± 10.9. This percentage was slightly higher, 96.2 ± 5.8, when evaluated 15 d after bombardment (Fig. 2A) . Mean values were calculated for the numbers of blue spots per explant in each treatment (Fig. 3) .
At a target distance of 3 cm, the number of blue spots per explant increased with time, especially at 4.5 and 7.6 MPa helium pressure. However, at 9 cm, the number of blue spots decreased after 15 d, all values being lower than those obtained at 3 cm at the three pressures tested.
At 5 d after bombardment, 30.7 ± 16.1% of spots displayed blue stained surfaces greater than a single localized blue point; the average area per spot was 1.3 ± 0.5 mm 2 . Fifteen d after bombardment, the percentage of explants with extended stained surfaces, and the estimated mean area, increased to 47.2 ± 8.2% and 2.7 ± 0.8 mm 2 , respectively. No statistically significant differences were found in these parameters when the different treatments were compared.
In relation to the controls, only 26.6% of the non-infected explants bombarded with gold particles coated with the plasmid pGUSINT displayed GUS expression 5 d after bombardment, but none of the explants showed GUS activity after 15 d. In the case of leaf disks infected with Agrobacterium, the percentage of explants with GUS stained spots and the mean number of spots per explant were similar after 5 and 15 d of infection, being 58.3 ± 11.7 and 4.5 ± 1.3, respectively.
After 25 weeks of culture in kanamycin, the final transformation percentages of the Agrobacterium-coated particles experiment were recorded (Table 1) . At the lowest helium pressure used, no significant differences related to the target distance were found. However, the treatments including a 3-cm target distance yielded higher percentages of kanamycin-resistant explants and higher transformation rates at 6.2 and 7.6 MPa. The analysis of frequencies by the log-linear model (Sokal and Rohlf 1995) significant effect of target distance on regeneration percentages at the 5% level. It is noteworthy that five of the six treatments assayed displayed higher transformation rates than those obtained using a standard Agrobacterium protocol (Barceló et al. 1998 ). The best treatment considering both parameters was 6.2 MPa helium pressure and 3 cm target distance. These results correspond to explants obtained from young stocks (3 or 4 subcultures), and further independent experiments using these explants and the conditions mentioned above yielded similar transformation rates. Explants from aged culture stocks (8-10 subcultures) displayed similar behaviour, but the regeneration percentages obtained were lower in all the treatments (results not shown). This seems directly related to an observed 40% decrease on shoot regeneration capability of control explants obtained from leaves of these aged stocks.
Kanamycin-resistant shoots obtained from the different bombardment treatments were isolated and multiplied through several subcultures in the presence of 25 mg L -1 kanamycin. Protein extracts of these shoots showed high GUS activity when assayed with the fluorogenic GUS test (Table 2) . As additional proof of stable integration and expression of the T-DNA, leaves of the putative transformants and control plants were challenged to regenerate shoots in the presence of kanamycin. While the control leaves died after a few weeks of culture, all the explants from the various transgenic clones analysed grew and were able to regenerate new shoots after 16 weeks of culture ( Table 2) . The regenerated shoots showed GUS activity when stained with 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid (XGluc; Fig. 2B ).
In all plants analysed, the presence of the nptII gene and the absence of the VirD1 gene from Agrobacterium were confirmed by PCR (Figs 4A, B) . Four of the plants analysed showed DNA amplification when using specific primers for the trfA locus, indicating that the complete pGUSINT plasmid was incorporated in these plants (Fig. 4C) . Transgenic T 0 shoots were rooted in the presence of kanamycin (Fig. 2C) , acclimatized and transferred to the greenhouse. Most of the transgenic plants were phenotypically identical to control plants and gave rise to normal fruits (Fig. 2D) . The inheritance of the kanamycin-resistant trait in the T 1 progeny from seven independent lines is shown in Table 3 . Three of them showed a 3:1 segregation indicating a single locus insertion of the T-DNA, but the other lines did not display simple Mendelian segregations.
Discussion
Microwounding explants by means of microprojectile bombardment enhanced the frequency of Agrobacterium transformation in several species (Bidney et al. 1992; Knittel et al. 1994; Brasileiro et al. 1996) . In the present work, we have tested this possibility in leaf explants of strawberry, cv. Chandler, combining the previously developed protocol for Agrobacterium transformation for this cultivar (Barceló et al. 1998 ) with microprojectile bombardment. This strategy was not effective in our case, and the transformation frequencies obtained were similar to or even lower than those obtained using the standard protocol without bombardment. At 9-cm target distance, and therefore lower particle velocity, the percentages of kanamycin-resistant and regenerating explants were similar to the percentages obtained with nonmicrowounded explants. However, the combination of bombardment at 3-cm target distance followed by Agrobacterium infection resulted in lower transformation rates. This combination caused excessive damage to the tissue reducing explant viability. Similarly, Brasileiro et al. (1996) have found that a lower bombardment pressure is more efficient Strawberry transformation by Agrobacterium bombardment Fig. 3 . Effect of target distance (TD) and helium pressure on gus expression in strawberry leaf explants bombarded with Agrobacteriumcoated microprojectiles, after 5 and 15 d of particle bombardment. Mean separation by LSD at the 5% level. Table 1 . Effect of helium pressure and target distance on biolistic transformation of strawberry using Agrobacterium-coated microprojectiles Leaf explants were bombarded once at different helium pressures and target distances with gold particles coated with Agrobacterium cells, LBA4404 strain, carrying the plasmid pGUSINT. After 25 weeks of culture in the presence of 25 mg L -1 of kanamycin, the percentage of surviving explants and explant with shoots were recorded. The analysis of frequencies by log-linear model showed a significant effect of target distance on shoot regeneration (P < 0.05). Data are mean ± s.e. of three bombardments per biolistic parameter with 20 explants per bombardment. The results correspond to explants obtained from a stock with three subcultures Helium pressure Target Kanamycin-resistant Transformation (MPa) distance (cm) explants efficiency (%) 4.5 3 52.3 ± 6.8 10.6 ± 4.2 9 60.0 ± 6.3 10.0 ± 3.9 6.2 3 69.0 ± 6.1 20.7 ± 5.3 9 32.5 ± 6.1 6.9 ± 3.3 7.6 3 54.1 ± 7.7 11.9 ± 5.0 9 39.3 ± 6.4 3.4 ± 2.4 Table 2 . GUS activity and kanamycin resistance in leaves of transgenic strawberry plants obtained by the Agrobacterium-coated microprojectile system Proteins from leaf of the different transgenic clones maintained in vitro in the presence of kanamycin were extracted and assayed for GUS activity using the fluorogenic test. Activity is expressed as µmol of MU (4-methyl umbelliferone) produced by unit of fresh weight and hour. To test kanamycin resistance, the same material was used as the source of leaf explants and cultivated in the regeneration medium supplemented with 25 mg L -1 of kanamycin. After 16 weeks of culture, the survival rate and fresh weight of explants was recorded. Data are mean ± s. 13.0 ± 0.5 0.10 ± 0.02 GUS 6 6.5 ± 1.1 0.24 ± 0.06 GUS 7
11.0 ± 2.5 0.39 ± 0.14 GUS 8 36.6 ± 5.5 0.23 ± 0.08
for Agrobacterium transformation of Phaseolus. Our standard transformation procedure included acetosyringone and low pH as virulence-inducing factors. Thus, it is likely that these treatments are enough to induce the wound response in strawberry, and therefore additional microwounds produced by microprojectile bombardment did not improve Agrobacterium transformation in our case. In contrast with this last experiment, we found a significant increment in the transformation rate when Agrobacterium cells were coated into gold particles and used to bombard leaf explants. The best treatment, bombardment at 3 cm target distance and 6.2 MPa helium pressure, yielded 69% of kanamycin-resistant explants and a 20.7% shoot regeneration rate. These percentages were 4.5 and 2.9 times higher, respectively, than those obtained with the standard Agrobacterium infection protocols. In this approach, microwounding and infection were simultaneous, leaving the target tissue less damaged than in protocols where the treatments are performed independently. Furthermore, the number and types of cells reached by Agrobacterium increase when these bacteria are used as microprojectile coatings. Both circumstances may explain the higher transformation rates obtained with this approach. However, PCR analysis of a gene outside the T-DNA borders indicated that in some cases, transformation is not achieved via Agrobacterium, as we transferred the whole plasmid as in conventional particle bombardment. This result was unexpected, since the conventional biolistic transformation of strawberry with purified plasmid was totally unsuccessful. Therefore, the possibility of an erroneous process of the T-DNA in these cases cannot be excluded.
In all treatments, with the exception of 7.6 MPa/9 cm target distance, the percentages of kanamycin-resistant explants regenerating shoots varied between 16.6% and 30%, while in control non-transformed leaf disks, almost 100% of the surviving explants were able to regenerate shoots. The reduction in shoot regeneration ability was also observed in standard Agrobacterium infection and in microwounded explants infected with Agrobacterium. A decrease in the percentage of shoot recovery from transgenic callus has also been observed in tomato (Hamza and Chupeau 1993) . The loss of the regeneration capacity observed in transformation experiments may be due to the high sensitivity to antibiotics of the strawberry leaf disk regeneration system (Graham et al. 1995) . In fact, preliminary experiments with non-infected leaf explants have shown a 50% reduction in shoot organogenesis when cefotaxime at 250 mg L -1 or carbenicillin at 500 mg L -1 were included in the medium (data not shown).
As far as we know, this is the first report on obtaining transgenic plants from explants using Agrobacterium-coated microprojectiles. Rasmussen et al. (1994) obtained hundreds of explants with transient expression, and an average of six stable transformed colonies when bombarding maize suspensions with tungsten particles mixed with E. coli cells. Using A. tumefaciens as a microprojectile coating, they reported only transient expression in tobacco suspension cells, the transformation rates obtained being much lower than those achieved with the purified plasmid. Similarly, Kikkert et al. (1999) tested the use of phage, yeast and bacteria as microprojectiles to bombard suspension cells from tobacco, maize, petunia and rice, and also petunia leaves, with limited results.
In this work, we have obtained a 20.7% transformation efficiency using the Agrobacterium-particle bombardment system. Genetic analysis of seven of the plants recovered indicated 43% of plants with one single-locus insertion of the transgene. The other lines displayed a complex segregation, probably related to the octoploid strawberry genome. Similar complex segregations have been obtained using a standard Agrobacterium protocol (data not shown). Taking into account the results obtained with the histochemical GUS assay, it seems clear that this transformation system allows Agrobacterium to reach a higher number of regenerating cells in the explant, as previously stated. An average of eight independent transformation events per explant could be recorded after 15 d of treatment, and almost half of these spots had formed callus. Thus, although only a single shoot per regenerable explant was isolated in our selection procedure to ensure the independence of the transformants, it is likely that different independent transgenic shoots could be recovered per explant, making the real transformation efficiency higher than the one reported.
In conclusion, we have shown that the use of Agrobacterium as a microprojectile coating can be a useful means of increasing the stable transformation rate in strawberry, and probably also for other recalcitrant species difficult to transform via conventional Agrobacterium infection.
